PD (Parkinson's disease) is the most common neurodegenerative movement disorder. Mutations in LRRK2 (leucinerich repeat kinase 2) gene are linked to the most common inherited and sporadic PD. Overexpression of LRRK2 and its mutants could induce mitochondrial-dependent neuronal apoptosis. However, the underlying mechanism remains elusive. We have identified several novel LRRK2 interacting proteins and showed that LRRK2 can interact with three components of the PTPC (permeability transition pore complex) including ANT (adenine nucleotide translocator), VDAC (voltage-dependent anion channel) and uMtCK [ubiquitous MtCK (mitochondrial creatine kinase)]. Those components have been reported to be involved in the permeability of mitochondrial membrane. We provide evidence that LRRK2 is likely to interact with uMtCK directly and expression of LRRK2 and its mutant form can suppress the processing of the immature form of uMtCK. LRRK2 expression keeps the uMtCK preprotein on the outer mitochondrial membrane instead of entering the mitochondria. In addition, the expression of both wild-type and mutant forms of LRRK2 promotes the interaction between ANT and VDAC, which plays a role in permeabilization transition pore opening. Finally, LRRK2-induced cell death can be suppressed by uMtCK. Our findings imply that LRRK2 can interact directly with uMtCK to block its entry into mitochondria and its subsequent processing, resulting in inhibition of mitochondrial energy channelling. Meanwhile, the decrease of uMtCK in mitochondria results in elevated interaction between ANT and VDAC and leads to neuronal apoptosis. Thus, our study provides the rational for clinical trials using creatine to treat PD and supports the notion of exploiting LRRK2 as a drug target for PD.
INTRODUCTION
PD (Parkinson's disease) is a common progressive neurodegenerative disease. The primary hallmarks of PD are progressive loss of dopaminergic neurons and deposition of Lewy bodies in the substantia nigra. Although most PD occurs as a sporadic disease, approx. 5-15% of cases are due to genetic alterations.
In recent years, LRRK2 (leucine-rich repeat kinase 2) gene emerged as a novel and very important causative gene for familial
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parkinsonism. The LRRK2 gene encodes a large protein of 2527 aas (amino acids) with multiple domains, Roc (Ras of complex proteins), COR (C-terminal of Roc) domain, a leucine-rich repeat domain, a protein kinase catalytic domain [MAPKKK (mitogenactivated protein kinase kinase kinase)], a WD40 domain and an ANK (ankyrin) domain [1, 2] . LRRK2 belongs to the ROCOprotein superfamily and the kinase domain shares high homology with the MLK (mixed-lineage kinase) protein family that has been shown by our group and others to be important for neuronal apoptosis [3] [4] [5] .
Many autosomal-dominantly inherited mutations found in almost every domain of LRRK2 cause late-onset PD [2, 6, 7] and various mutations exhibit relatively increased kinase activity compared with WT (wild-type) LRRK2, suggesting a gainof-function mechanism [8, 9] . A single mutation (G2019S) in LRRK2 which increases its kinase activity and accounts for 5-6% of all autosomal-dominant PD patients and even 1% of sporadic late-onset diseases has attracted more attention [10] [11] [12] . Endogenous LRRK2 localizes throughout the cytosol and is particularly enriched on microtubules, membranous and vesicular structures [13] . In particular, a significant proportion (∼10%) of LRRK2 is enriched in the mitochondrial fraction, but LRRK2 is only associated with the OM (outer membrane) and is absent from the intermembrane space of mitochondria [14] .
MPT (mitochondrial membrane permeabilization transition) is a central, rate-limiting step of the mitochondrial (or intrinsic) pathway of apoptosis controlling the release of pro-apoptotic proteins such as Cyto C (cytochrome c), Smac/Diablo, HtrA2 (Omi), AIF (apoptosis-inducing factor) and DNaseG into the cytoplasm [15, 16] . The permeabilization of the mitochondrial membrane is mainly mediated by the PTPC (permeability transition pore complex). PTPC is a polyprotein complex formed at the mitochondrial membrane contact site and involves, at least, the IM (inner membrane) protein ANT (adenine nucleotide translocator), the OM protein VDAC (voltage-dependent anion channel), the matrix protein cyclophilin D, the cytosolic protein hexokinase and the intermembrane space protein MtCK (mitochondrial creatine kinase) [16] .
The interaction between the IM protein ANT and the OM protein VDAC forms the contact sites of the mitochondrial membrane [17] . Changes in the conformation of ANT can affect the conformation and function of VDAC, and vice versa. There are two types of VDAC-ANT complexes: the hexokinase-VDAC-ANT complex and the VDAC-MtCK-ANT complex. When VDAC and ANT interact directly, VDAC has higher affinity for cytosolic protein hexokinase. The direct interaction between VDAC and ANT in the hexokinase-VDAC-ANT complex changes the complex structure to an unspecific PT (permeabilization transition) pore [18] . In the other complex, VDAC interacts indirectly with ANT through MtCK [19] . MtCK can inhibit the direct interaction between VDAC and ANT and change the VDAC structure into low affinity for hexokinase and therefore, suppress PT pore opening [18, 20] .
Most cell types express both cytosolic and MtCK isoenzymes. There are two MtCK isoforms, sMtCK (sarcomeric MtCK) and uMtCK (ubiquitous MtCK). sMtCK is restricted to muscle and uMtCK is found in non-muscle tissues including the brain [21] . The mitochondrial and cytosolic CK (creatine kinase) isoenzymes catalyse the reversible transfer of high-energy phosphate between PCr (phosphocreatine) and ATP. ATP produced in the mitochondria can be stocked and transported in the form of the high-energy compound PCr that is easily diffusible and can replenish the cytosolic ATP pools. This PCr circuit plays an important role in cellular energy homoeostasis, especially in cells of high and fluctuating energy demand [22] [23] [24] .
It has been reported that overexpression of mutant LRRK2 in cultured neuron-induced apoptosis involves Cyto C release and caspase 3 activation [25] . However, the underlying mechanism remains elusive. The aim of our study was to investigate the mechanisms of LRRK2-induced mitochondria-dependent apoptosis. In the present study, we identified several novel LRRK2-binding proteins including ANT, VDAC and uMtCK and those proteins played a role in LRRK2 expression-induced cell death. We provide evidence that the expression of LRRK2 mutant could suppress the processing of uMtCK and keep the immature form of uMtCK from getting into mitochondria. In addition, LRRK2 can promote the interaction between ANT and VDAC. We propose a model in which LRRK2 prevents the processing of uMtCK and thus inhibits mitochondrial energy channelling. Meanwhile, the lack of uMtCK increases the interaction between ANT and VDAC and leads to the PT pore opening, release of Cyto C and neuronal apoptosis.
MATERIALS AND METHODS

Cell culture and transfection
HEK (human embryonic kidney)-293 cells and U2OS cells were cultured in DMEM (Dulbecco's modified Eagle's medium), supplemented with 10% fetal bovine serum (from PAA). PC12 cells were cultured and transfected as described previously [5] . Transfected cells were lysed 24-36 h after transfection in cell lysis buffer (10 mM Tris/HCl, pH 7.4, 1.0% Triton X-100, 0.5% Nonidet P-40, 150 mM NaCl, 20 mM NaF, 1.0 mM EDTA and 1.0 mM EGTA) supplemented with protease inhibitors.
Antibodies and chemicals
FLAG antibody, FLAG-agarose beads, HA (haemagglutinin) antibody, Hsp60 (heat-shock protein 60) antibody and Tom20 antibody were purchased from Sigma; Myc tag monoclonal antibody from MBL Ltd; and mouse GFP (green fluorescent protein) (clone B-2) antibody from Santa Cruz; Mitotracker from Invitrogen.
Plasmids
The LRRK2 gene was amplified from pDEST-LRRK2-WT [26] using primers 5 -CCGCTCGAGCCACCATGGACTACAAGG-ACGATGACGATAAGGCTAGTGGCAGCTGTCAG-3 and 5 -CGGGGTACCTCAACAGATGTTCGTCTC-3 , and inserted into XhoI and KpnI sites of pcDNA3.1/Myc-His( − ) B (Invitrogen). Flag-LRRK2-M (aa 671-1299) and Flag-LRRK2-C (1212-2527) were subcloned from this construct and then inserted into pcDNA3.1/Myc-His( − ) B. The ANT1 gene was amplified from human cDNA library using primers 5 -CGGAATTCATGGGTGATCACGCTTGG-3 and 5 -CCGCTC-GAGTTAGACATATTTTTTGATCTCATC-3 and inserted into EcoRI/XhoI sites of pcDNA3.1 HA-Myc His (C) (Invitrogen). The ANT2 gene was amplified from a human cDNA library using primers 5 -CGGATATCATGACAGATGCCGCTGTGTC-3 and 5 -CCGCTCGAGTTATGTGTACTTCTTGATTTC-3 and inserted into EcoRV/XhoI sites of pcDNA3.1 HA-Myc (A) (Invitrogen). The ANT3 gene was amplified from human cDNA library using primers 5 -CGGAATTCATGACGGAACA-GGCCATCTC-3 and 5 -CCGCTCGAGTTAGATCACCTTCT-TGAGC-3 and inserted into EcoRI/XhoI sites of pcDNA3.1 HA-Myc (C) (Invitrogen). pcDNA3-uMtCK-Myc is a gift from Ramin Homayouni [27] . FLAG fusion VDAC1 was subcloned from pCMV-HA-VDAC1 using primers 5 -CCGCTCGA-GCCACCATGGACTACAAGGACGATGACGATAAGGCTG-TGCCACCCA-3 and 5 -CGGGATCCTGCTTGAAATTCCAG-3 and inserted into XhoI/BamHI sites of pcDNA3.1/Myc-His ( − ) B (Invitrogen). N-terminal flag-tagged uMtCK was subcloned from pcDNA3-uMtCK-Myc using primers 5 -CGGGA-TCCATGGCTGGTCCCTT-3 and 5 -CGGAATTCATGTTTG-CTGTGGAC-3 and then inserted into the BamHI/EcoRI site of pCMV-Flag vector. GST (glutathione transferase) fusion uMtCK was subcloned from pcDNA3-uMtCK-Myc using primers 5 -CCGGAATTCATGGCTGGTCCCTT-3 and 5 -ACGCGTC-GACATGTTTGCTGTGGAC-3 and then inserted into the EcoRI/SalI site of the pGEX-4T-1 vector (Amersham Biosciences).
Purification of GST and GST-uMtCK fusion proteins
GST and GST-uMtCK were expressed in Escherichia coli BL21 and purified as previously described [28] .
RNAi (RNA interference)
Oligonucleotides of siRNA (small interfering RNA) were synthesized in Invitrogen. Two duplex sequences were designed for each target gene. siRNA-ANT1: 5 -GATCCGCTGCCTACT-TCGGAGTCTTTCAAGAGAAGACTCCGAAGTAGGCAGC-TTTTTTG-3 and 5 -AATTCAAAAAAGCTGCCTACTTCGG-AGTCTTCTCTTGAAAGACTCCGAAGTAGGCAGCG-3 ; si-RNA-ANT2: 5 -GATCCGCTGGAGCTGAAAGGGAATTTC-AAGAGAATTCCCTTTCAGCTCCAGCTTTTTTG-3 and 5 -AATTCAAAAAAGCTGGAGCTGAAAGGGAATTCTCTTG-AAATTCCCTTTCAGCTCCAGCG-3 ; siRNA-ANT3: 5 -GAT-CCGCAACCTTGCCAACGTCATTTCAAGAGAATGACGTT-GGCAAGGTTGCTTTTTTG-3 and 5 -AATTCAAAAAAGC-AACCTTGCCAACGTCATTCTCTTGAAATGACGTTGGCA-AGGTTGCG-3 ; siRNA-VDAC1: 5 -GATCCGTGAATGACG-GGACAGAGTTTCAAGAGAACTCTGTCCCGTCATTCACT-TTTTTG-3 and 5 -AATTCAAAAAAGTGAATGACGGGAC-AGAGTTCTCTTGAAACTCTGTCCCGTCATTCACG-3 . The oligonucleotides were annealed and cloned into RNAi-Ready pSIREN-RetroQ-DsRed (BD Biosciences).
Immunoprecipitation, Western immunoblotting and in vitro-binding assay
Immunoprecipitation, Western immunoblotting and in vitrobinding assay were carried out as previously described [4, 5] .
Mitochondrial isolation protocol
For mitochondria isolation, 48 h after transfection, HEK-293 cells were washed twice with cold PBS and then harvested by scraping into buffer A [250 mM sucrose, 1 mM EDTA, 50 mM Tris/HCl, 1 mM DTT (dithiothreitol), 1 mM PMSF, 1 mM benzamidine, 0.28 unit/ml apotinin, 50 μg/ml leupeptin and 7 μg/ml pepstainA (pH 7.4) ]. The cells were homogenized three times on ice and then centrifuged at 1000 g for 10 min. The supernatant was transferred to a new tube and centrifuged at 10 000 g for 20 min. The supernatant and pellet were crude fractions of cytosol and mitochondria respectively. To eliminate the contamination of peroxisome and lysosome, the pellet fraction was washed with buffer B [250 mM sucrose, 1 mM EGTA, 10 mM Tris/HCl, 1 mM DTT, 1 mM PMSF, 1 mM benzamidine, 0.28 unit/ml apotinin, 50 μg/ml leupeptin and 7 μg/ml pepstain A (pH 7.4) ] and centrifuged at 10 000 g for 10 min. This resuspension and centrifugation was repeated three times and then the purified mitochondria were lysed in cell lysis buffer.
RESULTS
LRRK2 interacts with the three main PTPC members ANT, VDAC and uMtCK in vivo
Through co-IP (co-immunoprecipitation) using Flag-LRRK2 transgenic mouse brain homogenates [29] and yeast two-hybrid screens, we have identified many LRRK2 interacting proteins (C. Wang and Z. Xu, unpublished work). Three of them are ANT, VDAC and uMtCK, which are components of the PTPC. Since mutation of LRRK2 is likely to induce cell death through the mitochondria pathway, we went on to investigate the relationship between LRRK2 and these three proteins.
To confirm the interaction between LRRK2 and ANT, VDAC and uMtCK, Flag-tagged LRRK2 and various epitope-tagged VDAC1 and uMtCK and different isoforms of ANTs including ANT1, ANT2, ANT3 were transfected into HEK-293 cells, either alone or in combination. Cell lysates were immunoprecipitated with anti-Flag antibody and the immunocomplexes were probed for tagged VDAC1, uMtCK, ANT1, ANT2 and ANT3. VDAC1, uMtCK, ANT2 and ANT3 were detected in the LRRK2 immunocomplex derived from co-transfected cells but not in cells transfected alone ( Figures 1A-1E) . We also examined the interaction of LRRK2 with an unrelated protein, VAMP2 (vesicleassociated membrane protein 2) and found that there was no interaction between them ( Figure 1F ). It is interesting to note that when uMtCK was expressed alone, there was mainly one band present with the molecular mass of approx. 47 kDa and expression of LRRK2 resulted in an accumulation of HMW-uMtCK (higher molecular mass form of uMtCK) ( Figure 1D ). Thus, two bands (approx. molecular mass of 47 and 52 kDa) of uMtCK were observed. In addition, LRRK2 interacted only with HMWuMtCK. We went on to investigate whether the kinase activity of LRRK2 would affect the presence of HMW-uMtCK and its interaction with uMtCK. As shown in Figure 1(E) , expression of the disease-associated LRRK2 mutant LRRK2 2019S induced more accumulation of HMW-uMtCK than the wild-type LRRK2 and the kinase dead LRRK2. However, the kinase activity of LRRK2 did not seem to have an apparent effect on its interaction with HMW-uMtCK. 
LRRK2 interacts with PTPC members through its ANK-LRR domains
LRRK2 has several protein-protein interaction domains including armadillo, ANK, LRR (leucine-rich repeat) and WD40 that may serve as a scaffold for a multiprotein complex. This suggests that protein-protein interactions play important roles in the normal function of LRRK2. In order to identify which domains of LRRK2 interact with PTPC members, co-IP experiments with anti-Flag antibody were performed using cell lysates from HEK-293 cells transiently transfected with various epitope-tagged VDAC1, uMtCK, ANT1, ANT2, ANT3 either alone or together with two fragments of LRRK2: Flag-LRRK2-M (aa 671-1299) which contains the ANK-LRR domains or Flag-LRRK2-C (aa 1212-2527) which contains the ROC-COR-kinase-WD40 domains. Analysis of the immunoprecipitates revealed interactions between the LRRK2 ANK-LRR domains and the PTPC members (Figure 2A and Supplementary Figure S1 available at http://www.bioscirep.org/bsr/031/bsr0310429add.htm).
On the other hand, ROC, COR, kinase and WD40 domains of LRRK2 were not involved in its interaction with PTPC members ( Figure 2B ). To determine whether the interactions between LRRK2 and ANT, VDAC1 and uMtCK are direct or not, we incubated purified GST and GST-fused uMtCK with Flag-LRRK2-M prepared in an in vitro transcription-translation system. Flag-LRRK2 binds to GST-uMtCK fusion protein but not GST ( Figure 2C ).
These observations indicate that uMtCK binds to the aa 671-1299 of LRRK2 and that this binding is likely to be direct. Unfortunately, different isoforms of ANT, VDAC1 and fragments of the middle part of LRRK2 were expressed in the inclusion body in bacteria. It is, therefore, hard to determine whether the interactions between LRRK2 and ANT or VDAC1 are direct or indirect.
Expression of LRRK2 inhibits the processing of the uMtCK precursor and its entry into mitochondria
Since the expression of LRRK2 induced an accumulation of HMW-uMtCK and only the HMW-uMtCK interacted with LR-RK2, we then compared the effect of wt LRRK2 with the LRRK2 mutant on uMtCK by co-transfecting LRRK2-WT or LRRK2-2019S with uMtCK-Myc into HEK-293 cells. Both LRRK2-WT and LRRK2-2019S led to the accumulation of HMW-uMtCK and it seems that the mutant form of LRRK2 induced more accumulation of HMW-uMtCK ( Figure 3A) .
The HMW-uMtCK might be derived from some kind of posttranslational modification or the immature unprocessed uMtCK preprotein. Some common modifications such as phosphorylation and ubiquitination were excluded first by a series of experiments including a phosphorylation and ubiquitination assay (results not shown).
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C The Authors Journal compilation C 2011 Biochemical Society uMtCK is localized in the intermembrane space of mitochondria. It is synthesized in the cytoplasm as a precursor of 416 aa, including a 38 aa N-terminal signal sequence responsible for mitochondrial targeting and import. The transit peptide is cleaved off after leading the protein across the outer mitochondrial membrane [30] . The upper bands were approx. 5 kDa larger than the lower bands, consistent with the calculated molecular mass of the N-terminal signal sequence. Therefore the 52 kDa HMWuMtCK induced by the expression of LRRK2 is likely to be the unprocessed form of uMtCK.
In the above experiments, we used the uMtCK-Myc construct in which a Myc tag was put at the C-terminal of uMtCK encoding sequence. Therefore, the fusion protein of 47 kDa can still be detected by an anti-Myc antibody even if the N-terminal signal sequence was cleaved after mitochondrial translocation. To verify whether the 52 kDa HMW-uMtCK is the unprocessed uMtCK precursor, pCMV-Flag-uMtCK was constructed in which a Flag tag was put at the N-terminal of the uMtCK encoding sequence. The same experiment was carried out with Flag-uMtCK as that with uMtCK-Myc. If the HMW-uMtCK is indeed the unprocessed preprotein, it should be detectable by an anti-Flag antibody while the matured form of uMtCK should not be. As shown in Figure  3(B) , the HMW-uMtCK, but not the 47 kDa band, was recognized with an anti-Flag antibody as expected. However, it was interesting to note that HMW-uMtCK bands were observed whether LRRK2 was co-tranfected or not, although the amount was much more from cells co-transfected with LRRK2. It is likely that the Flag-tag placed in front of the N-terminal of uMtCK would affect the normal mitochondrial targeting function of the signal sequence.
To inspect whether LRRK2 could affect the location of uMtCK or not, uMtCK-Myc was transfected either alone or together with LRRK2-2019S into U2OS cells. Mito Tracker Red dyes were used to detect mitochondria. Immunostaining of those cells for uMtCK-Myc shows that almost all of the uMtCK-Myc colocalized with the mitochondria (Figure 3D ). This indicates that LRRK2 did not affect the association of uMtCK with mitochondria very apparently. To examine whether the LRRK2-induced accumulation of HMW-uMtCK can translocate into mitochondria or not, a subcellular fractionation experiment was carried out. uMtCK-Myc was transfected either alone or together with LRRK2-WT or LRRK2-2019S. Cell lysates from these cells were separated into fractions enriched in cytoplasmic and mitochondrial proteins and monitored by relevant marker proteins. Analysis of uMtCK revealed that the lower-mass form, the matured form of uMtCK, was enriched in the mitochondrial fraction. However, HMW-uMtCK was present in the total cell lysates, but not in the enriched and purified mitochondrial fraction, indicating that it was not tightly associated with the mitochondria (Figure 3C) .
Taken together, the HMW-uMtCK induced by LRRK2 is indeed the unprocessed uMtCK preprotein. Our results indicate that the expression of LRRK2 not only interrupts the processing of the uMtCK precuror protein but also prevents it from getting into the mitochondria.
LRRK2 induces the interaction between ANT and VDAC and cell death
It has been reported previously that direct interaction between VDAC and ANT is required for PT pore opening and uMtCK can inhibit the interaction between them [18, 20] . Since LRRK2 can inhibit the entry of uMtCK into mitochondria, we postulated that LRRK2 might enhance the interaction between ANT and VDAC and induce cell death through the induction of PT pore opening.
To test our hypothesis, Flag-VDAC1 and HA-ANT3 were cotransfected into cultured HEK-293 cells with or without different forms of LRRK2 or uMtCK. The cell lysates were immunoprecipitated with an anti-Flag antibody and the interaction between ANT and VDAC was analysed. As shown in Figure 4 , VDAC and ANT could interact with each other. In agreement with previous reports, the interaction between ANT and VDAC was suppressed when uMtCK was co-transfected. However, the   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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DISCUSSION
We and others have found that LRRK2 localizes on the mitochondria [14] and LRRK2 expression induces cell death through Cyto C release [25] . Mitochondrial membrane PT which leads to the release of Cyto C plays a critical role in the mitochondrial (or intrinsic) pathway of apoptosis. The direct interaction between VDAC and ANT has been reported to be important for PT pore opening. In the present study, we have identified and confirmed several novel LRRK2-interacting proteins including VDAC, ANT and uMtCK. VDAC, ANT and uMtCK interacted with the middle part of LRRK2, aa 671-1299, which contains the ANK-LRR protein-protein interaction domains and the interaction between LRRK2 and uMtCK was likely to be direct. We confirmed that the expression of LRRK2 in neuronal differentiated PC12 cells could induce cell death. The cell death induced could be partially suppressed by the knock-down of different isoforms of ANT and VDAC expression although it was not statistically very significant (Supplementary Figure S2 available at http://www.bioscirep.org/bsr/031/bsr0310429add.htm). This is probably due to the possibility that different isoforms of ANT could compensate for each other or that the remaining ANT and VDAC in the cells were still able to induce cell death. Another possibility is that LRRK2 could induce cell death through another pathway.
We went on to explore further the underlying mechanism in which LRRK2 induces cell death. We found that the expression of LRRK2, especially the mutated form of LRRK2 (2019S), led to the accumulation of the 52 kDa HMW-uMtCK that was found to be the unprocessed form of uMtCK later. Although LRRK2 did not affect the association of uMtCK with mitochondria, it inhibited the translocation of the 52 kDa HMW-uMtCK into mitochondria. Our results indicate that the expression of LRRK2 can not only interrupt the processing of uMtCK precursor protein but also prevents it from getting into the intermembrane space of mitochondria. Since uMtCK can suppress the ANT-VDAC interaction [18, 20] and LRRK2 can interact directly with and stabilize uMtCK preprotein on the OM of mitochondria, we speculated and confirmed that the expression of LRRK2 could induce the interaction between ANT and VDAC.
Creatine is a guanidine compound that plays a key role in energy buffering within the cell. Creatine and CK are thought to be particularly important in tissues with high-energy requirements such as the brain [31] . Creatine has been shown to exert neuroprotective effects in an MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) mouse model of PD [32] . In addition, National Institutes of Health has lunched a large-scale Phase III clinical trial to learn whether creatine can slow the progression of PD. However, it is still uncertain about its mechanism and how it might work against PD [33] . Our present study provides rationality in support of the clinical trial using creatine to treat Overexpressed LRRK2 can bind to uMtCK directly and prevent it from entry into mitochondria for processing and thus inhibit mitochondrial energy channelling. Meanwhile, the lack of uMtCK in mitochondria leads to an increased interaction between ANT and VDAC, and subsequent PT pore opening, release of Cyto C and neuronal apoptosis.
PD and will expedite the development of therapies that exploit LRRK2 as a target.
In conclusion, as depicted in Figure 5 , our study implies that exogenously expressed LRRK2 can interact directly with uMtCK to block its entry into mitochondria and its processing and thus inhibit the mitochondrial energy channelling. Meanwhile, the lack of uMtCK in mitochondria leads to increased interaction between ANT and VDAC, and subsequent PT pore opening, release of Cyto C and neuronal apoptosis. There may be a non-specific band in the control lane, but it is likely to be the same as those below it which are the IgG light chain. Comparing the two lanes, we feel that it is reasonable to state that LRRK2 interacts with ANT3. 
